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Abstract

Background: Ischemic brain injury is among the most common causes of death and disability in humans worldwide. Recent find-
ings suggest that neural precursors in the adult mammalian brain can be a therapeutic target in ischemic brain injuries. Curcumin
stimulates neurogenesis and reduces oxidative stress in the brain.
Objectives: The present study compared the neuroprotective effects of different concentrations of curcumin in various regions of
the brain in a rat model of transient global ischemia (TGI).
Materials andMethods: Forty-eight adult male Wistar rats were randomly chosen as control, sham (animals only underwent TGI),
treatment (100 and 300 mg/kg curcumin following TGI), and vehicle groups. The animals underwent global ischemia imposed by
a 20 minute ligation of the bilateral common carotid arteries. Cell death and apoptosis in different areas of brain were evaluated
after 3 or 4 weeks by Nissl staining and TUNEL assay respectively.
Results: The number of dark neurons and apoptotic cells significantly increased after TGI. The number of TUNEL-positive cells after
TGI was significantly higher in the temporal neocortex than in different regions within the hippocampus. Treatment with curcumin
at a high dose reduced the numbers of dark neurons and apoptotic cells. Lower concentrations of curcumin showed a neuropro-
tective effect in the neocortex, whereas higher doses prevented cell death and apoptosis in the neocortex and in different regions of
the hippocampus.
Conclusions: Regional differences were evident with respect to the neuroprotective effects of curcumin in the temporal cortex
and in the different parts of hippocampus following TGI. Further studies are needed to explore the mechanisms underlying these
regional differences.
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1. Background

Ischemic brain injury is one of the most common
causes of death and disability throughout the world (1) and
is triggered by a variety of mechanisms. Recent studies
show that damage to neurons after ischemia/reperfusion
may occur through oxidative stress and/or mitochondrial
impairment and may culminate in the activation of an
apoptotic stage. For these reasons, antioxidant and anti-
apoptotic agents have been the focus of studies for the de-
velopment of neuroprotective drugs for use in stroke ther-
apy. Various regions of the brain, including the hippocam-
pus and neocortex, are extremely vulnerable to ischemia.
Despite advances in the understanding of the pathophys-
iology of cerebral ischemia, therapeutic options remain
limited (2).

The term neuro protection encompassesa series of
mechanisms that protect against neuronal injury or de-
generation in the central nervous system (CNS).These
mechanisms prevent oxidative stress, mitochondrial dys-
function, excitotoxicity, inflammatory changes, iron accu-
mulation, and protein aggregation. Enhanced production
of reactive oxygen species (ROS) and subsequent oxidative
stressare thought to play pivotal roles in neuronal death
induced by ischemia/reperfusion (3). The goal of neuro
protection is to limit neuronal dysfunction or neuronal
death after CNS injury and to maintain cellular integrity.
The mechanisms of endogenous neuro protection, which
are triggered upon neural damage to overcome or limit its
consequences, include gene expression alterations and the
production of neurotrophic factors (4).
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Curcumin is the principal curcuminoid of the popular
spice turmeric, which is derived from (Terra merita (mer-
ited earth)) Cucurma longa, a member of the ginger fam-
ily (Zingiberaceae). Some studies report that curcumin
attenuates endoplasmic reticulum (ER) stress by control-
ling inflammation in brain injury and prevents neurotox-
icity through suppression of oxidative stress (5, 6). It posi-
tively regulates adenosine monophosphate-activated pro-
tein kinase (AMPK) activity and this action contributes to
the management of metabolic disorders (7).

Curcumin shows anti-inflammatory, antioxidant, anti-
protein-aggregation, and anti tumoral activities (8, 9).
Curcumin also prevents ultraviolet irradiation-induced
apoptotic changes, including the loss of the mitochon-
drial membrane potential, mitochondrial release of cy-
tochrome c, and increases in ROS (10). Several animal stud-
ies showed that administration of curcumin after brain is-
chemia had protective effects and significantly diminished
lipid peroxidation, mitochondrial dysfunction, and glial
activation, as well as infarct volume; moreover, it improved
cognitive deficits, neurological scores, and locomotor ac-
tivity (11-19). However, no studies have been reported that
compare the antioxidant effects of curcumin on various re-
gions of the brain.

2. Objectives

The aim of the present study was to compare the neuro-
protective effects of different concentrations of curcumin
in various regions of the brain after transient global is-
chemia (TGI).

3. Materials andMethods

3.1. Study Design

Forty-eight adult male Wistar rats (250 - 280g) were
randomly divided into eight groups. All animals, except
the control group, underwent brain ischemia. Under pen-
tobarbital anesthesia, the cervical vessels were exposed
through a medio-ventral cervical incision and the bilat-
eral common carotid arteries were ligated for 20 minutes
(3). The animals of the sham groups underwent global
ischemia only and were decapitated after 3 (Isch 3W) or
4 weeks (Isch 4W). Curcumin (Sigma, USA) was dissolved
in dimethyl sulfoxide (DMSO) and administered intraperi-
toneally (i.p., two doses). Four groups were treated with
curcumin at concentrations of 100 or 300 mg/kg, at the on-
set of reperfusion and 24 hours later (14). The rats were de-
capitated after 3 (Isch + C100 3W, Isch + C300 3W) or 4 (Isch
+ C100 4W, Isch + C300 4W) weeks. The last group of ani-
mals was treated with vehicle (DMSO) following ischemia.

The animals were allowed free access to food and water and
were kept in a twelve-hour light-dark cycle. The animal pro-
tocol was approved by the Tehran University of Medical Sci-
ences.

3.2. Preparation of Brain Sections

The rats were decapitated under anesthesia (100 mg/kg
ketamine and 10 mg/kg xylazine; 10:1) and tissue was fixed
by transcardial perfusion with 0.9% saline, followed by 4%
paraformaldehyde in PBS. Brains were removed, fixed in 4%
paraformaldehyde for 24 hours, and then stored in a 30%
sucrose solution (prepared with 0.1 M PBS, pH 7.2 - 7.4) at
4ºC for 24 - 48 h. The brains were cut into 3 - 5 mm sections,
dehydrated in an ethanol series, cleared in xylene, and in-
filtrated and embedded in paraffin. Paraffin embedded tis-
sues were prepared on slides for Nissl and TUNEL staining.

3.3. Cresyl Violet and TUNEL Staining

The dark neurons were visualized by staining for
the histological features of neuronal injury with cresyl
violet (Nissl staining). The terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL) as-
say was also performed to stain for DNA fragmentation af-
ter apoptotic cell death (Cell Death Detection Kit, Roche,
Mannheim, Germany). Briefly, three 5 µm-thick tissue sec-
tions from each block were dewaxed and dehydrated by
heating to 60ºC, followed by washing in xylene, and rehy-
dration through a diluted alcohol series. The sections were
then washed with 10 mM Tris-HCl (pH 7.6), followed by in-
cubation in methanol containing 0.3% H2O2 for 10 minutes
to inhibit endogenous peroxidase activity. The sections
were then treated with proteinase K (Roche, 20 µg/ml in
Tris buffer) at 37ºC for 30 minutes. The sections were incu-
bated in the TUNEL reaction mixture (450 µl labeling solu-
tion and 50µl enzyme solution) at 37ºC for 60 minutes and
in POD solution for 30 minutes. The color reaction was de-
veloped in 3 3’ diaminobenzidine (DAB, Roche; 0.5 µl DAB
and 1.5µl peroxide buffer) for 5 - 10 minutes, and the sec-
tions were counterstained with hematoxylin.

3.4. Cell Quantification

For each animal, the cells were counted from the in-
jured area (equivalent adult rat bregma coordinates -2.52
to -4.56 mm) in the dorsal part of the hippocampus cornu
ammonis (CA1, CA2, and CA3 areas) and DG, as well as the
temporal cortex. At least three brain sections were se-
lected from each animal (a total of 18 from each group) for
each staining type. Cell counting was performed twice for
each section. Sections were observed on an Olympus mi-
croscope (CX31, Tokyo, Japan) with a 40× objective lens.
Images were captured using a digital camera (Olympus,
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Japan) and displayed on a computer monitor. In Nissl
stained sections, the number of dark neurons counted was
used as an index of cell death (20). The number of TUNEL-
positive neurons was considered as an apoptosis index and
calculated by counting 500 cells in each specimen (five vi-
sual fields / specimen) (21).

Statistical analysis
Results were expressed as the mean ± SEM. Differ-

ences between means were determined by one-way analy-
sis of variance (ANOVA), followed by a post-hoc test using
the Least Significant Difference method or non-parametric
tests (Kruskal-Wallis). P < 0.05 was considered statistically
significant.

4. Results

4.1. Evaluation of Dark Neurons

The Isch 3W, Isch 4W, and vehicle groups, when com-
pared to control rats, showed significantly increased num-
bers of dark cells in all investigated brain regions (the tem-
poral neocortex and the hippocampal CA1, CA2, and CA3 ar-
eas, as well as the hippocampal DG) after TGI (P < 0.05).
Treatment with 100 mg/kg curcumin following ischemia
significantly decreased the number of dark neurons in the
hippocampal CA3 area and in the temporal neocortex after
4 weeks, when compared to the Isch 4W group (P < 0.05).
No significant differences were not observed between the
Isch + C100 3W and Isch 3W groups with respect to the num-
ber of dark cells in any of the tested brain regions. Treat-
ment with 300 mg/kg curcumin after ischemia decreased
the number of dark cells in the hippocampal CA1 and CA2
regions and in the temporal neocortex after 3 weeks, when
compared to the Isch 3W group (P < 0.05). The number
of dark neurons in all investigated brain areas was signif-
icantly lower in the Isch + C300 4W group than in the Isch
4 W group (P < 0.05; Figures 1 and 2).

4.2. Assessment of TUNEL-positive cells

An increased number of apoptotic cells appeared in
the Isch 3W, Isch 4W, and vehicle groups in all the assessed
brain regions when compared to the control group (P <
0.05). Treatment with 100 mg/kg curcumin in the Isch
+ C100 3W group significantly decreased the TUNEL posi-
tive cells compared to the Isch 3W group, but only in the
temporal neocortex (P < 0.05). The Isch + C100 4W group
displayed a reduction in the number of apoptotic cells in
the hippocampal CA2 area and in the temporal neocortex
when compared to the Isch 4W group (P < 0.05). A signif-
icant decrease in the number of TUNEL positive neurons
was observed in all investigated brain areas in the Isch +
C300 4W group when compared to the Isch 4 W group (P <
0.05; Figures 3 and 4).

5. Discussion

The results of this study confirmed that treatment with
curcumin at a high dose reduced cell death and apoptotic
processes in the temporal cortex and in different parts of
the hippocampus of rats after TGI. A lower concentration
of curcumin showed a neuroprotective effect in the neo-
cortex, whereas the higher dose prevented cell death and
apoptosis in both the neocortex and in the different re-
gions of the hippocampus. The administered drug doses
and ischemia duration in each experiment were chosen
based on a pilot study and previous work (22-25).

Extensive neuronal injury and death have been re-
ported in the lateral striatum, hippocampus, and neocor-
tex after TGI (23). Our data indicated that apoptosis was sig-
nificantly higher in the temporal neocortex than in the dif-
ferent regions of the hippocampus after TGI. By contrast,
several previous studies have indicated that the hippocam-
pus is more sensitive to transient ischemia than is the neo-
cortex (26, 27). Yang et al. have shown that curcumin pro-
moted the synthesis and secretion of monoamine neuro-
transmitters in hippocampal tissue, and this led to the im-
provement of neurological functions. Curcumin also in-
hibited ROS production in the hippocampus by changing
the ER stress markers and by positive regulation of AMPK
(28, 29).This discrepancy in regional responses may be at-
tributed to the different durations of ischemia, the exper-
imental procedures, the animal species used, or the differ-
ent times of injury evaluation. Our study also indicated
a reduction in the number of dark neurons in response
to the higher curcumin dose, as well as a suppression of
the DNA fragmentation induced by TGI. Curcumin treat-
ment dose-dependently reduced the infarct volume in a
focal cerebral ischemia model induced in rats by middle
cerebral artery occlusion (MCAO) (24).

A pharmacokinetic study conducted after i.p. adminis-
tration of curcumin (100 mg/kg) in mice showed a plasma
concentration of 2.25µg/ml during the first 15 min of treat-
ment. However, only traces (0.41 µg/g) were observed in
the brain one hour after administration (30). Therefore,
low levels of curcumin may possibly be insufficient to pro-
tect the highly sensitive hippocampal neurons. However,
further studies are required to resolve this issue.

Curcumin is thought to exert its anti-apoptotic and
neuroprotective actions through multiple effects, includ-
ing strong anti-inflammatory, radical scavenging, and neu-
romodulating activities (31). Damage to cells may oc-
cur through oxidative stress and/or mitochondrial impair-
ment and may trigger activation cascades leading to apop-
tosis. Many studies have demonstrated that apoptosis oc-
curring during ischemia/reperfusion plays a major role in
stroke-associated brain injury (32). Apoptosis may there-
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fore bring about cell death following cerebral ischemia.
Caspase-3 is activated in the apoptotic cell, both by ex-

trinsic (death ligand) and intrinsic (mitochondrial) path-
ways. Both the expression level and the number of positive
neurons expressing the activated caspase-3 were reduced
in the same brain areas by curcumin treatment (33). A low
dosage of curcumin was safe and reversed Cu (II)-induced
neuronal damage by scavenging intracellular ROS. At high
dosages, however, curcumin facilitated the generation of
free radicals by Cu and exacerbated neuronal damage (34).
The protective effect of curcumin observed in the present
study may reflect its antioxidant and anti-inflammatory ac-
tivities at low doses (35). At higher doses, curcumin can act
as an alkylating agent, there by stimulating antioxidant re-
sponse element-mediated expression of protective genes
(36).

In conclusion, the results of this study demonstrated
regional differences in the neuroprotective effects of cur-
cumin in different brain regions in the rat following TGI.
Further experiments are needed to investigate the mech-
anisms and to determine the functional implications of
these regional differences in curcumin effects. Curcumin
is currently undergoing human clinical trials for the treat-
ment of inflammatory-linked diseases and several types of
cancer (37). Our results indicate that the dosage of cur-
cumin should be controlled if it is intended to counter neu-
rological disorders in clinical therapy.
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Figure 1. The Effect of Different Concentrations of Curcumin on the Number of Dark Neurons in the Temporal Neocortex, as Well as in the Hippocampal DG, CA1, CA2, and CA3
Areas, Following Transient Global Ischemia in Rats

Dark cells were assessed in non-ischemic (control), vehicle-treated (Vehicle), ischemic (Isch), and curcumin-treated (C; 100 mg/kg or 300 mg/kg) rats after 3 or 4 weeks. Values
represent mean± SEM. * indicates P < 0.05 compared to the control group,# indicates P < 0.05 compared to the Isch 3W group, + indicates P < 0.05 compared to the Isch 4W
group, & indicates P < 0.05 compared to the Isch 4W group.
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Figure 2. Photomicrographs Showing the Morphological Features of the Hippocampal DG, CA1, CA2, and CA3 Areas and the Temporal Neocortex in the Different Groups
Following Cresyl Violet Staining

Dark cells were assessed in non-ischemic (control), vehicle-treated (Vehicle), ischemic (Isch), and curcumin-treated (C; 100 mg/kg or 300 mg/kg) rats after 3 or 4 weeks. Degen-
erating shrunken dark cells showed oval or triangular nuclei (arrows). Magnification: 400 ×.

Arch Neurosci. 2016; 3(2):e32600. 7

http://archneurosci.com


Attari F et al.

Figure 3. The Effect of Different Concentrations of Curcumin on Apoptotic Cell Death in the Temporal Neocortex, as Well as in the Hippocampal DG, CA1, CA2, and CA3 Areas,
Following Transient Global Ischemia in Rats

Positive TUNEL labeling was assessed in non-ischemic (control), vehicle-treated (Vehicle), ischemic (Isch), and curcumin-treated (C; 100 mg/kg or 300 mg/kg) rats after 3 or4
weeks. Values represent mean± SEM. * indicates P < 0.05 compared to the control group, # indicates P < 0.05 compared to the Isch 3W group, + indicates P < 0.05 compared
to the Isch 4W group, & indicates P < 0.05 compared to the Isch 4W group.
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Figure 4. Photomicrographs of the Different Groups Showing the Morphological Features of the Hippocampal DG, CA1, CA2, and CA3 Areas and the Temporal Neocortex
Following TUNEL Staining

Apoptotic neurons were assessed in non-ischemic (control), vehicle-treated (Vehicle), ischemic (Isch), and curcumin-treated (C; 100 mg/kg or 300 mg/kg) rats after 3 or 4 weeks.
Apoptotic cells showed pyknotic, shrunken nuclei and very condensed cytoplasm (arrows). Magnification: 400 ×.
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